changes in the stimulus cause disruption: an unexpected change in the orientation or colour of the target did not alter latency. Our results show that in a repeating sequence, the oculomotor system is primarily concerned with predicting the direction of an upcoming eye movement rather than its position. this is consistent with models of oculomotor control developed for randomly appearing targets in which the direction and amplitude of saccades are programmed separately.
Introduction
Many tasks in the natural world involve a set temporal sequence of behaviours (hikosaka and Masaki 2008) , for example when making a cup of tea (land et al. 1999) . It has been proposed that habitual sequences are controlled by parts of the motor system involved in controlling automated actions (hikosaka et al. 1999 ), freeing cognitive processes for other, non-habitual tasks. habitual sequences can, however, be episodically interrupted when an unexpected event breaks our routine-suddenly we need to suppress further automatic actions and engage conscious control mechanisms to allow us to get back on track. We have shown that a target appearing out of sequence (an interruption) in an oculomotor task produced elevated saccadic latencies (a disruption) both at the time of the interruption and for a period afterwards until the sequence is regained by the observer (anderson and carpenter 2010). Our paradigm used targets appearing at a fixed eccentricity either to the left or right of fixation, with the interruption appearing on the opposite side to that expected from the sequence. the precise cause of the disruption to Abstract saccadic latencies to targets appearing to the left and right of fixation in a repeating sequence are significantly increased when a target is presented out of sequence. Is this because the target is in the wrong position, the wrong direction, or both? to find out, we arranged for targets in a horizontal plane occasionally to appear with an unexpected eccentricity, though in the correct direction. this had no significant effect on latency, unlike what is observed when targets appeared in the unexpected direction. that subjects learnt sequences of directions rather than simply positions was further confirmed in an experiment where saccade direction was a repeating sequence, but eccentricity was randomised. latency was elevated when a target was episodically presented in an unexpected direction. latencies were also elevated when targets appeared in the correct hemifield but at an unexpected direction (35° polar angular displacement from the horizontal, a displacement roughly equivalent in collicular spacing to our unexpected eccentricity), although this elevation was of a smaller magnitude than when targets appeared in an unexpected direction along the horizontal. Finally, we confirmed that not all 1 3 saccadic latencies is ambiguous, however: Is the disruption primarily the result of the altered position of the target or the altered direction of the saccade, or both? Moreover, could any unexpected event-such as a change in the target's physical characteristics-similarly result in a disruption? the role of direction and position in saccadic programming has been extensively investigated, although primarily for randomly appearing targets. holistic models of saccade programming propose that a neurological "motor map" exists, where all potential movements are coded (sparks 1988). a saccade is initiated when a certain location in the motor map is sufficiently activated (Findlay and Walker 1999) , with saccades programmed as a single vector. In contrast, other researchers provide evidence that programming of the direction and amplitude of saccades are separable processes (Komoda et al. 1973; Becker and Jürgens 1979; hou and Fender 1979; aslin and shea 1987; abrams and Jonides 1988; allik et al. 2003) . For example, Komoda et al. (1973) used a pulse-step task where a target initially moved to one position, but then rapidly to a different one. When a single saccade was made to the final position of a target, latencies were only increased if the saccade was in a different direction to that initially suggested by the initial target movement, with no cost found for changes in amplitude. the likelihood of needing to make a saccade to an unexpected location different from that indicated by the initial target movement is often high in studies investigating saccadic programming (Becker and Jürgens 1979) , in contrast to the high predictability of target location and required saccadic response in sequence tasks (anderson and carpenter 2010) . specific brain areas are thought to be involved in encoding sequences (Isoda and tanji 2002; lu et al. 2002) and suppressing a habitual sequence of responses that is no longer appropriate (Isoda and hikosaka 2007) . Whether models for saccadic programming-determined with randomly appearing targets and randomly interleaved response types-also apply to the habitual actions seen in oculomotor sequences is not known, as it has been suggested that how programming proceeds may depend upon the oculomotor task (abrams and Jonides 1988). If saccadic direction is separately programmed in oculomotor sequences and participants are primarily learning the directions of the target in a sequence, then we would expect that an interruption to the expected direction of the target should influence latencies more than presenting a target in the correct direction but at a different location. there is preliminary evidence that the encoding of long-term expectation may be more concerned with the direction of the saccade for horizontally distributed targets, rather than its location, when targets are presented stochastically (adams et al. 2000) consistent with work showing that certain aspects of visual attention divides hemispherically for horizontally located targets (hughes and Zimba 1985; tassinari et al. 1987) . If, on the other hand, a spatial map provides the best account of saccade latencies in oculomotor sequences, we would expect all types of interruptions to target position to increase latencies irrespective of saccade direction, as a new saccade would have to be programmed to the new location in the motor map.
In this paper, we attempt to identify the relative importance of target position and direction in producing a disruption, and thereby investigate whether models of saccadic programming for stochastic targets may generalise to oculomotor sequences. Furthermore, we also investigate whether other changes to a target-such as altering its physical characteristics-can similarly cause a disruption.
Materials and methods
stimuli targets in Experiments 1, 2 and 4 were 0.25° diameter, 48 cd/m 2 dots viewed against a 24 cd/m 2 grey background. In Experiment 3, targets were triangles of 0.3° width. For our supplementary experiment, we used 14 cd/m 2 , 0.25° diameter green (cIE 1931 x = 0.624, y = 0.341) or red (x = 0.288, y = 0.608) spots. targets were presented at either 4° or 8° in the horizontal plane from a fixation target placed at the centre of the screen for Experiments 1 through 3, as latencies are relatively constant for saccadic amplitudes between 0.75° and 12° (Kalesnykas and hallett 1994) . apparatus Observers viewed stimuli on a calibrated computer system (VisaGe graphics card: cambridge Research systems, Kent, UK, and Diamond Pro 2070sB monitor, Mitsubishi, tokyo, Japan; frame rate 100 hz) subtending 23° × 17° at the 1-m viewing distance. horizontal eye position was recorded with an infrared reflection oculometer (Ober et al. 2003; anderson et al. 2008) , with saccades being detected automatically by sPIc software (carpenter 1994) using a velocity threshold optimised for each observer. head position was stabilised with a chin rest. saccades were manually excluded if they contained irregularities such as blinks or head movements, and latencies <50 or >790 ms were removed. the average percentages of removed trials were 12.5, 2.6, 7.1 and 4.9 % for Experiments 1 through 4, respectively.
Experimental protocols all experiments used a step task (carpenter and Williams 1995) with the fixation target reappearing at the centre of the screen after a saccade had been detected. the next target appeared after a randomly selected delay uniformly distributed between 770 and 1,770 ms. Participants were explicitly informed of the structure of each experimental run in advance, including the probabilities involved, and were required to describe the structure accurately to the experimenter prior to data collection. Participants also completed a run from each experimental protocol for training purposes prior to data collection for each experiment.
Experiment 1
targets appeared in a repeating pattern of four elements [either lllR (Fig. 1, upper set) or RRRl] at a fixed eccentricity. On any trial during the sequence, there was a 1/31 probability of a target appearing out of sequence (an interruption) that could be one of two types. For interruptions of position and direction, the target appeared at the correct eccentricity but on the opposite side to that expected from the pattern. For interruptions of position alone, the target appeared on the correct side but not at the expected eccentricity. after each interruption, the target could appear with equal probability to either the left or right of fixation at the same eccentricity used in the pattern for a single trial, meaning that subjects had to temporarily perform a task different from the learnt sequence immediately after a disruption, similar to previous investigations (anderson and carpenter 2010). the pattern then re-commenced from the beginning of the four-element sequence. twelve runs of 110 trials were counterbalanced for eccentricity (4 and 8) and for the high-frequency side in the sequence (left or right).
Experiment 2
Participants viewed targets whose direction was a repeating pattern of four elements [either lllR (Fig. 1 , middle set) or RRRl] but whose eccentricities varied randomly between 4° and 8° with equal probability. On any trial during the sequence, there was a 1/31 probability of an interruption occurring, where the target appeared on the incorrect side and with a random eccentricity (4° or 8°). If participants primarily learn a sequence of saccadic directions, interruptions to direction in this experiment should still elevate latencies despite random changes in target position. after each interruption, a target appeared at random 4° to either the left or right of fixation with equal probability, after which the pattern re-commenced from the beginning of the four-element sequence. Eight runs of 110 trials were counterbalanced for eccentricity for the high-frequency side in the sequence (left or right). after each interruption to the sequence (black triangles), targets could appear in one of two locations (dashed symbols) with equal probability. In Experiment 1, interruptions were either to target position and direction (first interruption on figure) or to target position alone (second interruption on figure). In Experiment 2, the repeating pattern and interruptions were based solely on target direction, with eccentricity being randomised. In Experiment 3, interruption targets appeared at the correct position but with a different form (upward rather than downward pointing triangles). all targets were presented as part of a step task, wherein a central fixation marker disappeared when the peripheral target appeared: after a saccade was detected, the target disappeared, the fixation marker reappeared, and the subject returned their gaze to the fixation marker. In the actual experiments, the low-frequency side was to the left as often as it was to the right, and the eccentricity of the pattern in Experiment 1 was counterbalanced between runs of 4° and of 8° Experiment 3 this experiment was used to check whether only specific types of changes to the target (e.g. direction) could cause disruptions, rather than any change. targets appeared in a repeating pattern of four elements [either lllR (Fig. 1, lower set) or RRRl] with the target being a triangle pointing downwards. Interruptions (with a probability of 1/31) occurred when the target appeared in the expected position, but was pointing upwards. Interruption trials were followed by a trial where the target (downward pointing triangle) appeared with equal probability either to the left or right of fixation, after which the pattern re-commenced from the beginning of the four-element sequence. Eight runs of 120 trials (all at 4° eccentricity) were counterbalanced for the high-frequency side in the sequence (left or right). to check that any findings were not a special case restricted to orientation changes, in a supplementary experiment (four observers), we repeated Experiment 3 except with the expected target being a particular colour and the interruption being of the opposite colour. the expected colour was fixed for a given run, with red and green targets counterbalanced across the experiment.
Experiment 4
We used this experiment to check whether changes in target direction within the expected hemifield anticipated from the sequence could also cause disruptions. the experiment proceeded similarly to Experiment 1, except that targets causing a direction interruption appeared in the anticipated hemifield but 35° (in polar coordinates, relative to the central fixation point) randomly above the nominal target position. this direction interruption approximately matches our 4° amplitude interruption (i.e. target appearing horizontally at 8° rather than 4°), in terms of displacement on motor maps of the monkey colliculus (Ottes et al. 1986 ). twelve runs of 110 trials were counterbalanced for the high-frequency side in the sequence (left or right), using a single eccentricity of 4° for the uninterrupted sequence. as our oculometer could only measure the horizontal component of the oblique saccades used in this experiment and so could not check whether an appropriate vertical component had also been performed, participants were specifically instructed to try to accurately foveate each target.
In all our experiments, an interruption could occur on any trial except those containing random targets and those immediately following random targets. We deleted from our analysis any interruptions that occurred within five trials of each other, to ensure that a complete run of the uninterrupted sequence had occurred. We ignored the first 10 trials in each run. analysis Data were analysed using linear mixed effect (lME) modelling techniques. these techniques have garnered increasing use, particularly within psycholinguistics (e.g. Kliegl 2007; Baayen et al. 2008) . the data were analysed using the lme4 (Bates and Maechler: R package version 0.999375-32) and languageR (Baayen: R package version 0.955) packages in R studio. We examine the effect of different types of interruption on saccade latencies, with participant and the target's absolute position being random factors into the model. although systematic changes in latency were not anticipated over the saccade amplitudes we investigated (Kalesnykas and hallett 1994), we justified our inclusion of target position as a factor to account for idiosyncratic differences seen between individual participants (Fig. 1 ) that are of a magnitude that could mask the latency differences in sequence interruption experiments (anderson and carpenter 2010). Our data are therefore effectively normalised by the variation in latency seen in Fig. 2 to stochastically presented targets, although it should be noted that the magnitude of any latency change due to an interruption of target position is not altered by this process. Figure 2 also highlights the need to include participant as a factor, as absolute saccadic latency varies between observers. We report the mean difference between conditions with highest 95 % posterior density intervals from Markov chain Monte carlo mean estimates, with approximated p values (Baayen 2008; Baayen et al. 2008) .
In Experiment 4, targets that were rotated by 35° appeared as interruptions only. Because of this, we cannot compare latencies to such targets presented as part of a sequence and as an interruption, unlike in our previous experiments. therefore, for each individual, we normalised latencies for each position to the harmonic mean latency for that individual at the position measured over four runs (440 trials total) in which targets were stochastically interleaved with equal probability. We then ran a linear mixed effect model on these normalised latencies, with participant entered as a random factor.
For Experiment 1, we also used a repeated-measures aNOVa to determine whether saccadic amplitudes differed for saccades made during interruption trials versus those made to a target in the same position during the uninterrupted sequence.
Participants
We tested a common group of eight participants for Experiments 1 through 3 and a differently constituted group of eight participants for Experiment 4. all participants in Experiments 1 through 3 were required to have fewer than 5 % direction errors during a preliminary training period in order to be included and had normal visual fields as assessed using the humphrey Matrix perimeter (anderson et al. 2005 ). None showed fixation errors when performing perimetry. In Experiment 4, appropriate fixation was assessed via an analysis of saccadic amplitudes (see "Results", below). authors aJa and MJs were participants in each experiment. all procedures were in accordance with the 1964 Declaration of helsinki and were approved by the University of Melbourne Ethics committee. Participants gave informed consent prior to inclusion in the study.
Results
the results from Experiment 1 are shown in Fig. 3 . an interruption to both target position and direction (upper panel) caused a significant elevation of latency (p < 0.001), with latencies not different from baseline upon the return of the sequence. In contrast, an interruption to target position alone (lower panel) did not significantly elevate latencies (p = 0.13). the 95 % confidence intervals (95 % cIs) surrounding the latencies for position and direction interruptions did not overlap, indicating that disruption was significantly greater for direction interruptions. the amplitude of saccades was not different for interruption trials versus saccades to the same target location made during uninterrupted portions of the sequence (F < 1). Figure 4 shows the results from Experiment 2. Despite target eccentricity being randomised each trial, an interruption to the expected response direction still significantly elevated latencies (p < 0.001). the magnitude of the disruption was significantly less (p < 0.001) than for the target direction interruptions investigated in Experiment 1 (Fig. 3) . the results of Experiment 3 are shown in Fig. 5 . an interruption to target orientation alone failed to significantly change latencies (p = 0.8). Our supplementary experiment showed that interruptions based on target colour gave similar results, with no significant change in latency at the time of the interruption (mean elevation = 1.9 ms, p = 0.44). Figure 6 shows the results of Experiment 4. although an interruption of saccadic amplitude produced no significant disruption to latency (lower panel), consistent with Experiment 1, an interruption to the polar angular direction of the target significantly disrupted latencies (p < 0.001). the 95 % cIs around the direction interruption magnitudes seen in Experiment 1 (28.3 ms; 95 % cI 22.6-33.9 ms) and Experiment 4 (16.0 ms; 95 % cI 12.1-20.1 ms) did not . the grey bars show changes in latency, averaged across all subjects, immediately before an interruption ("pre"), at the interruption ("interruption") and immediately upon returning to the sequence ("post"). changes are normalised to latencies obtained during the uninterrupted sequence (average latency = 171.5 ms), with error bars giving 95 % cIs. Asterisks indicate latencies that are significantly different from the uninterrupted portion of the sequence (*p < 0.05, **p < 0.01, ***p < 0.001). Mean direction errors (i.e. saccades made in the direction opposite to the target) were 2.9 %. Individual participant data are represented with symbols, with symbol type being consistent across Figs. 4 and 5. For each participant, latency distributions during the sequence (excluding interruption trials and the five trials immediately following) were unimodal (see supplementary Material) overlap, indicating that the disruption was significantly less for targets rotated away from the horizontal than for targets appearing in the unexpected hemifield. the horizontal amplitudes of saccades to our rotated targets were significantly smaller (two-tailed t test, p < 0.05 for each participant) than amplitudes to targets in the uninterrupted portion of the sequence, as would be anticipated if participants reliably fixated the targets.
Discussion
We have previously demonstrated that a target appearing out of sequence can elevate saccadic latencies (anderson and carpenter 2010). here, we identify the aspects of the stimulus that are critical for causing this disruption. When a target was presented in an unexpected direction (and, necessarily, position) , latencies were significantly longer (Fig. 3, upper panel) . When the target was presented in an unexpected location, but one where the direction of the expected saccade was unaltered, latencies were not significantly altered (Fig. 3, lower panel) . Directly compared, latency elevation was greater for an interruption to direction rather than position alone (Fig. 3 , non-overlapping cIs at interruption). Even when direction interruptions involved targets appearing in the correct hemifield and at a position designed to match the size of our amplitude interruptions in collicular coordinates, a significant interruption occurred (Fig. 6 ) albeit of a smaller magnitude than when targets appeared in the unexpected hemifield. taken together, these results show it is a change in the direction of where a target appears that is critical in causing a disruption to saccadic latency, particularly when the change of direction is large (e.g. to the opposite hemifield). this would suggest that learning a sequence of response directions is of critical importance in encoding sequences of oculomotor responses. Further support for this position comes from our Fig. 4 Results from Experiment 2, where episodic interruptions were made to the expected response direction, whilst target eccentricity was randomised on each trial. the mean latency used for normalisation was 180.5 ms, and mean direction errors were 0.6 %. Other details are as given in Fig. 3 
Fig. 5
Results from Experiment 3, where episodic interruptions were made to the expected orientation of a triangle target, with the response direction and target position unchanged. the mean latency used for normalisation was 180.5 ms, and mean direction errors were 3.3 %. Other details are as given in Fig. 3   Fig. 6 Results from Experiment 4, where episodic interruptions were made to either the expected direction of the target (a saccade amplitude of 4°, but at a polar angle of 35° above the horizontal axis) or the amplitude of the required saccade (b target at 8° along the horizontal axis). Participants made no direction errors. Individual participant data are represented with symbols, although symbols do not correspond with those used in Figs. 3-5. Other details are as given in Fig. 3 Experiment 2, in which the target sequence was encoded purely by direction, with target position (eccentricity) randomised on each trial. such a sequence still demonstrated the characteristic latency disruption when an interruption occurred (Fig. 4) . Finally, we confirmed that any type of interruption will not necessarily cause a disruption, as changing the orientation (Fig. 5) or colour of the target had no effect on saccadic latencies.
although our Experiment 1 failed to show a significant disruption to saccadic latency when horizontal target position alone was altered, position may still have some role in encoding sequences. When we randomised position in Experiment 2, the latency elevation seen when a disruption to the expected response direction occurred was significantly less than in Experiment 1. this suggests that a sequence of response directions alone (Experiment 2) is less compelling than a sequence of response directions linked to specific positions (Experiment 1), and so interruptions to such a sequence do not produce as marked latency elevations. Previous work has suggested that target location is important for learning sequences in manual tasks, although no clear consensus yet exists on the relationship between stimulus and response in learning sequences (abrahamse et al. 2010) . It has been argued (hikosaka et al. 1999 ) that parallel networks exist for learning sequential procedures, with initial learning being more dependent on spatial learning, and control then taken by relatively automatic parts of the motor system as sequences become habitual. Indeed, the brain areas most activated in humans during sequence learning appear different from when a sequence is mastered (hikosaka et al. 1996; sakai et al. 1998) . the sequences investigated here were simple and of short duration, and so are presumably rapidly learnt and automated. Furthermore, our protocol took specific steps to facilitate this learning (i.e. having subjects explicitly describe the structure of the protocol prior to testing, performing a complete training run for each protocol and discarding the first section of each experimental run analysed). the structure of our Experiment 2 necessarily meant that encoding saccadic amplitude could not be automated however, and so a role for stimulus-based effects of target position would remain in this experiment even when learning was complete.
Programming of saccadic eye movements there have been various mechanisms in which the two principal parameters of a saccade [amplitude and direction] might be programmed for randomly appearing targets. It is instructive to consider if these programming mechanisms can be applied to our data from oculomotor sequences. Parameters might be programmed serially (e.g. Becker and Jürgens 1979) or in parallel (e.g. abrams and Jonides 1988) . If our findings are caused by a parallel mechanism, we require the assumption that reprogramming direction takes longer than reprogramming amplitude in order to explain why an unexpected direction disrupted latency more than an unexpected amplitude. such an account would be consistent with findings of allik, toom and luuk (2003), who found that when saccade parameters were programmed in isolation [with advance knowledge of the other parameter], amplitude programming was faster than direction programming. If our findings are the result of a serial mechanism, we would need to assume that direction is programmed in advance of amplitude, as seen in models such as that by Becker and Jürgens (1979) . When an unexpected amplitude only is encountered, only the second half of the saccade would need to be reprogrammed, thereby minimising the disruption to latency. If amplitude were encoded first, however, an unexpected amplitude would require both amplitude and direction to be reprogrammed and so disruption to latencies would be maximised in this condition, contrary to our findings. that direction programming precedes amplitude programming has been found by some (Becker and Jürgens 1979; aslin and shea 1987) , but not all (abrams and Jonides 1988), authors. Despite much early work examining the ordering and timing of those steps programming saccade amplitude and direction, subsequent work (allik et al. 2003) seems to suggest a much more dynamic relationship between saccadic amplitude and direction programming than originally posited, adding further to the already acknowledged limitations of simplified saccadic programming models (Becker and Jürgens 1979) . Furthermore, programming may depend upon the oculomotor task used, with abrams and Jonides (1988) showing amplitude and direction being separately programmed for non-reflexive tasks (i.e. made to an existing target in response to a reaction cue) but being more holistically programmed for more reflexive saccades.
that latency disruption appears primarily based on the direction of the required eye movement in a sequence is consistent with the idea that oculomotor direction is separately programmed and is inconsistent with what we would predict based on a simple motor map (see "Introduction"). Our findings do not discount the idea of an oculomotor map at some stage within the oculomotor pathway, however-for example, the superior colliculus (carpenter 2000)-but do suggest that those mechanisms that produce disruptions in oculomotor sequences may not act at this stage. the results of our Experiment 4 (Fig. 6) certainly make the superior colliculus a very unlikely candidate, unless the spatial pattern of activation associated with programming a saccade shows marked anisotropies within the collicular map-in contrast to the Gaussian pattern of activation assumed in modelling (van Opstal and van Gisbergen 1989)-or that significant differences exist between collicular maps for monkeys and humans. Motor maps and those mechanisms responsible for programming amplitude and direction may exist as two serial stages, wherein the final destination of the eye (as represented on a motor map) is then translated into the appropriate programming commands for the eye movement to occur (allik et al. 2003) . analysis of human data suggests that saccadic amplitudes are subject to greater uncertainty than direction and that part of this uncertainly may arise in post-colliculular processing stages (van Opstal and van Gisbergen 1989) .
Previous work has suggested that oculomotor expectation appears to be encoded grossly into spatial hemifields (adams et al. 2000) and some findings suggest that saccadic reprogramming only increases latency when the horizontal direction of the programmed saccade changes (Komoda et al. 1973 ). Both of these former observations were made with targets whose appearance was stochastic. specific areas of the brain have been implicated in encoding sequences (Isoda and tanji 2002; lu et al. 2002) and suppressing inappropriate habituated responses that are no longer appropriate (Isoda and hikosaka 2007) , such as when an interruption to a sequence occurs. Despite these specific brain processes, our current findings suggest the direction-specific nature of expectation seen when making saccades to stochastically presented targets (adams et al. 2000 ) also applies to when targets appear within a learnt patterned sequence. this is consistent with models for saccadic generation where encoding of saccadic amplitude and direction occurs comparatively late, and so is performed in a common way irrespective of the initiating stimulus (e.g. visual, memory or automated) (Findlay and Walker 1999) . Imaging studies also provide evidence for common processing pathways for certain types of saccadic eye movements (Petit et al. 1996) . Our results suggest that disruptions are not restricted to changes in the hemifield for learnt sequences, as even polar angular changes in direction where the target appears in the anticipated hemifield still produce a disruption. It is possible that expectation encoding (adams et al. 2000) and saccadic programming (Komoda et al. 1973) for stochastic targets may similarly show effects not grossly limited to spatial hemifield if targets other than horizontally displaced ones were employed. Our results do, however, suggest that disruption is increased when targets appear in the unexpected hemifield. Given that the left superior colliculus encodes saccades to the right and vice versa, this additional disruption may be unrelated to any cost of altering programming location within an oculomotor map but rather reflect a cost of switching to an alternative map belonging to the other hemisphere.
In conclusion, our results demonstrate that interruptions to learnt oculomotor sequences result principally from changes to the expected direction of the target requiring a response, rather than its position. this finding is consistent with a view that direction of action-rather than amplitude-is of principal importance when programming each saccade in a habitual sequence, in accordance with some previous models of the programming of saccades to stochastically appearing targets.
